Summary Anthracenyl-amino acid conjugates represent a novel chemical class of topoisomerase (topo) inhibitor. NU/ICRF 505 is a lead compound that stabilises topo I cleavable complexes and is actively cytotoxic at low MM concentrations. In this study, endonucleolytic DNA cleavage was used as a marker of apoptosis to investigate mechanisms of cell death produced by this compound. NU/ICRF 505 (5 yM) induced a substantial increase in the level of DNA fragmentation in HL60 cells (up to 30% of total extracted DNA) but only after a 48 and 72 h drug exposure (compared with 6 h after treatment with camptothecin), as determined qualitatively by conventional gel electrophoresis and quantitatively by spectrofluorimetry. This effect was substantially reversed by co-treatment with zinc (1 mM). Subsequent studies with the human lung (NX002), ovarian (A2780) and colon (HT29) cancer cell lines yielded evidence of formation of higher molecular weight DNA fragments in NX002 and A2780 cells in response to NU/ICRF 505 (5 uM). Co-treatment with zinc (1 mM) caused a small decrease in DNA fragmentation. These data suggest that the induction of apoptosis may play an important role in the mechanism of cytotoxicity of NU/ICRF 505 in HL60 cells and that other pathways of cell death may also be operative in NX002 and A2780 in conjunction with apoptosis.
DNA topoisomerases I and II (topo I and II) are nuclear enzymes that play critical roles in DNA metabolism (Wang, 1985) and appear to be primary targets for a number of clinically active anti-cancer drugs Corbett and Osheroff, 1993; . Drugs inhibit these enzymes by stabilising a reaction intermediate, referred to as the 'cleavable complex', where the enzyme remains covalently bound to DNA after strand cleavage Hsiang et al., 1985; Cummings and Smyth, 1993) , and there has been much debate as to how such complexes induce cytotoxicity (Zwelling, 1989; Gewirtz et al., 1991; . Studies are beginning to focus on the link between topo inhibition and the induction of programmed cell death (or 'apoptosis') (Walker et al., 1991; Hickman, 1992; , a process which is usually recognised morphologically by a marked condensation of chromatin and shrinkage of the nucleus (Wyllie et al., 1980 (Wyllie et al., , 1984 Earnshaw, 1995) . However, apoptosis is often characterised by endonucleolytic cleavage of DNA, which can be viewed by electrophoresis as a series of bands, or 'DNA ladder' (Wyllie, 1980; Arends et al., 1990) . This particular approach has been employed with a number of topo inhibitors to determine the presence of apoptosis (Kaufmann, 1989; Walker et al., 1991; Gulliya et al., 1994; Huschtscha et al., 1995) . DNA laddering, which can be reversed by zinc (Cohen and Duke, 1984) , may not be an ideal marker for apoptosis as there have been a number of reports describing the morphological characteristics of apoptotic cells without internucleosomal cleavage Sun et al., 1994) . However, it has been reported recently that during early apoptosis DNA is cleaved into larger fragments which may serve as precursors to the smaller oligonucleosomal fragments .
Many recently described topo I and II inhibitors have been demonstrated not to stabilise the cleavable complex but to act on the catalytic activity of the enzyme (Cummings and Smyth, 1993; Li et al., 1993; . These catalytic inhibitors can also display substantial levels of in vitro cytotoxicity (Ishida et al., 1991) . Although a number of unique mechanisms of action have been proposed to explain catalytic inhibition of topo I and II, there have been reports that these agents can also induce endonucleolytic DNA cleavage .
Anthracenyl-amino acid conjugates (AACs) represent a novel chemical class of topo inhibitor that can act either through formation of the cleavable complex or by catalytic inhibition and are actively cytotoxic against Chinese hamster ovary (CHO) and human cancer cell lines at low gM concentrations (Cummings et al., 1994 . Recent studies using a cytogenetic approach indicated that the topo I cleavage inducer, NU/ICRF 505, and the topo II catalytic inhibitor, NU/ICRF 500, also act as enzyme inhibitors in intact CHO cells . As part of continuing investigations into the mechanisms(s) of cell death induced by these compounds, endonucleolytic DNA cleavage was measured in HL60 human leukaemia cells exposed to NU/ ICRF 505 (see Figure 1 for Cell culture studies All cell lines were grown in RPMI-1640 medium supplemented with 5% heat-inactivated fetal calf serum containing a 1% antibiotic mixture under standard conditions, and were maintained at 37°C in a humidified atmosphere of 5% carbon dioxide in air. Cells were plated in 175 cm2 flasks so as to achieve a final density of 1-2 x 107 per flask (or 1 x 105 in some growth inhibition studies) at time zero. At this time, medium was replaced with either drug-containing medium, or medium containing 0.5% DMSO (control). At each time point, A2780, HT29 and NX002 cells were trypsinised before counting whereas HL60 cells were harvested by centrifugation immediately. Following two washes in phosphate-buffered saline (PBS), 200 p1 of each cell suspension was taken for the determination of total cell number using a Coulter Counter ZM (Coulter Electronics, Luton, UK). For later time points in experiments involving the A2780, NX002 and HT29 cell lines, the culture medium was also subjected to centrifugation to pellet detached cells, and these pellets were treated as separate samples. DNA extraction/gel electrophoresis DNA was extracted from cell pellets using the nucleon II DNA extraction kit manufactured by Scotlab Ltd (Coatbridge, UK). The final precipitated DNA fraction was left to rehydrate in sterile distilled water at 4°C overnight, after which time the concentration of DNA was determined spectrophotometrically using a UV2 spectrometer manufactured by ATI-Unicam (Cambridge, UK). DNA samples were analysed by loading 4 pg of each sample onto a 1.8% agarose gel in 40 mM Tris-acetate buffer (pH 8.0) containing 1 mM EDTA. Each gel also contained 1 pg ml-' ethidium bromide to enable visualisation of the DNA bands on a UV.-light box.
Quantitation of DNA fragmentation Cell pellets, harvested as described above, were lysed in 0.5% Triton X-100 containing 5 mM Tris-HCl (pH 7.4) and 1 mM EDTA, for 20 min on ice. The percentage of DNA in the supernatant following centrifugation of the lysate was determined using the spectrofluorimetric method described in detail by Onishi et al. (1993) in which a Baird Nova spectrofluorimeter (Baird-Atomic Ltd, Braintree, UK) was used to detect the fluorescence of each fraction following the addition of DAPI. NU/1CRF 505 produced a significant level of DNA laddering but only after 48 h (Figure 4, lane 13) Figure 5) (Figure 6a and b, lane 1 1) there was an insufficient number of cells present at this time for DNA extraction). The effect of zinc addition on cell numbers in A2780 and NX002 was less marked, where both camptothecin and NU/ICRF 505 showed similar small increases in survival (3.2-4.9% increase). Analysis of DNA from zinc-treated NX002 cells revealed a reduction in the level of DNA fragmentation in camptothecin-treated cells (Figure 7 , lanes 7 and 8), which was also apparent in NU/ ICRF 505-treated cells (Figure 7 , lanes 9 and 10). These effdcts were less obvious in A2780 cells (Figure 7 ).
Discussion
The aim of the present study has been to determine whether or not anthracenyl-amino acid conjugates, a new chemical class of topo inhibitor, can induce apoptosis through endonucleolytic cleavage of DNA. One of the most promising candidates from this class was investigated: NU/ ICRF 505, which stabilises topo I cleavable complexes . Initial experiments were carried out in HL60 human promyelocytic leukaemia cells as previous reports have demonstrated that this line exhibits particularly high levels of DNA fragmentation in response to known topo inhibitors (Kaufmann, 1989; Del Bino et al., 1991; Solary et al., 1993) without the relatively high levels of spontaneous DNA fragmentation observed in untreated thymocytes (Wyllie, 1980; .
Using camptothecin as a positive control, characteristic DNA laddering was detected following only a 4 h drug exposure and this is consistent with previous reports (Kaufmann, 1989) . Characteristic DNA laddering was also detected with NU/ICRF 505 in HL60 cells -suggesting that this compound can also induce apoptosis -but only after a 48 h drug exposure. Such a long delay and the reduced level of DNA fragmentation may be explained by the fact that NU/ICRF 505 is less effective at stabilising topo I cleavable complexes compared with camptothecin .
Treatment of HL60 cells with zinc (which is known to antagonise endonuclease activation; Cohen and Duke, 1984) (Fillipski et al., 1990; Sun et al., 1994; . The formation of high molecular weight DNA is of particular significance as this can occur in cases of apoptosis in which low molecular weight internucleosomal DNA cleavage is absent ). However, during apoptosis large fragments are thought to be formed initially, and it is from these that the characteristic DNA ladders are derived . High molecular weight DNA smearing has also been ascribed to cells undergoing necrosis (Huschtscha et al., 1995) , and experiments were performed in which A2780 and NX002 cells were co-treated with NU/ICRF 505 and zinc in an initial attempt to distinguish between the two different mechanisms (Cohen and Duke, 1984 
